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Golgi complex: Stacking the cisternae
Adam D. Linstedt
The Golgi complex breaks down at mitosis and is
subsequently reassembled in a process that involves
cisternae formation and stacking. Recent studies have
provided new insights into the molecular events that
mediate both formation and stacking of the Golgi
cisternae during post-mitotic reassembly.
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Stacks of disc-shaped cisternal membranes are a defining
feature of the Golgi complex. Secretory products move
through the stack from the ‘cis’ cisternae — which
receives cargo from the endoplasmic reticulum (ER) — to
the ‘trans’ cisternae on the opposite side, and most Golgi-
localized proteins are targeted to the cis, medial or trans
subcompartments. The efficient processing of secretory
proteins and lipids by Golgi enzymes depends on vesicle
transport, regardless of whether the secretory cargo actu-
ally moves through the stack by vesicle transport, or
whether it moves by cisternal maturation as some believe.
It is therefore assumed, though not proven, that stack for-
mation increases processing efficiency by decreasing the
distances through which vesicles have to be transported.
Vesicles are most abundant at the highly fenestrated rims
of the cisternae, while compact stacking is most evident
at the cisternal cores. In vertebrates, continuities of cister-
nal membranes in the rim region serve to link adjacent
Golgi stacks, forming a ribbon of stacked membranes.
Remarkably, in these cells, the linked Golgi stack is com-
pletely disassembled and reassembled every cell division
to allow accurate Golgi inheritance by the daughter cells.
What are the molecular processes that underlie the stack-
ing of the Golgi cisternae? 
Warren and colleagues ([1,2] and references therein) have
recently made remarkable progress towards answering this
intriguing question. Their work has relied on an electron-
microscopy-based in vitro assay, in which a purified Golgi
fraction is taken through a disassembly–reassembly cycle
by sequential incubation in mitotic and interphase
cytosols. Breakdown of the starting Golgi fraction, com-
prised mostly of stacked cisternae, results in almost com-
plete unstacking and partial vesiculation of the cisternae;
the breakdown products include vesicles and at least two
types of cisternal remnant, those that are one third their
original size, and those that are no longer identifiable as
cisternae. Reassembled cisternae regain their original size
and about one third become stacked. Golgi reassembly
thus clearly involves two processes: cisternal regrowth and
stacking. The model that has emerged for Golgi reassem-
bly is shown in Figure 1 and discussed below.
The cytoplasmic requirements for the regrowth of Golgi
complex cisternae have been determined using this assay,
and found to fall into two sets; each set is sufficient for
regrowth, but they yield distinct cisternal morphologies.
One set consists of the ATPase ‘N-ethylmaleimide-
sensitive factor’ (NSF), the ‘α soluble NSF attachment
protein’ (α-SNAP) and p115; when added to disassembled
Golgi, this set of proteins produces many short cisternae
that are stacked. The other set consists of the two pro-
teins, p47 and the ATPase p97, which produce fewer but
longer cisternae that are not stacked. 
Both of these two sets of proteins are thought to activate
membrane fusion events via their action on ‘SNAP
receptors’ (SNAREs). Vesicle (v) and target (t) SNARE
proteins interact with one another across closely apposed
membranes to form a core complex thought to catalyze
membrane fusion. Cross-membrane core complexes
cannot form unless a prior ‘priming’ event has taken
place, in which lateral interacting SNARE protein com-
plexes — the results of previous fusion events — are dis-
rupted. The suggestion is that NSF and its cofactor
α-SNAP, as well as the related p97 and its cofactor p47,
act to disrupt lateral SNARE interactions in vesicles and
cisternal remnants to promote membrane fusion events
that rebuild Golgi cisternae.
Why are there distinct SNARE activators? It is not known
what role either NSF or p97 plays in cisternae formation
in vivo, but each has distinct requirements for action
in vitro. NSF-mediated cisternae assembly uses the
t-SNARE syntaxin 5 and the v-SNARE GOS28, while
p97-mediated cisternae assembly requires only syntaxin 5
[3]. Thus, the actions of p97 and NSF may be restricted to
t/t and v/t SNARE pairs, respectively. If t/t SNARE pairs
predominate on cisternal remnants then p97, in the absence
of NSF, would mediate primarily cisterna–cisterna fusion
events. In contrast, the presence of v/t SNARE pairs on
vesicles (and cisternae) would lead to NSF-dependent
vesicle incorporation. This could account for the morpho-
logical differences between the cisternae that they produce. 
Thus, the activation of SNAREs by NSF may yield a
limited capacity for cisterna–cisterna fusion thereby
producing shorter cisternae than p97. An alternative
explanation for the cisternal size difference based on
findings discussed below is that, during NSF-dependent,
but not p97-dependent, regrowth, factors involved in
stack formation compete with factors mediating cisternal
regrowth. The activities of p97 and NSF might also
mediate separate processes during interphase Golgi
regrowth and maintenance. Cross-membrane t/t SNARE
pairs might catalyze fusion events that form cisternal
connections between adjacent stacks, whereas cross-
membrane v/t SNARE pairing might be restricted to
vesicle transport.
Most intracellular fusion events are thought to involve
docking factors acting in conjunction with SNARE mol-
ecules to increase efficiency and specificity. To date, no
docking factors have been identified that are required for
p97-dependent fusion during cisternal regrowth. In con-
trast, NSF-dependent cisternal regrowth has been shown
to require p115 and its binding partners, giantin and
GM130 [1]. A giantin–p115–GM130 ternary complex has
been proposed to form a ‘tether’ in which the peripheral
membrane protein p115 bridges between giantin, bound
to COPI-coated vesicles, and GM130, bound to Golgi cis-
ternae [4]. Tethering refers here to an initial long-distance
connection that may be coupled to later, shorter-distance
interactions in a sequence that leads to SNARE pairing.
Fibers up to 100 nm in length, which appear to connect
COPI-coated vesicles to the Golgi complex, are evident in
electron micrographs of the isolated Golgi after incubation
under transport conditions [5], suggesting that vesicles are
tethered to the Golgi by the interaction of fibrous mem-
brane proteins. 
As vesicles form, tethers might anchor them to the site of
vesicle formation, thus limiting their diffusion away from
the Golgi stack and promoting their interaction with
nearby cisternae. Alternatively, tethers might trap vesicles
formed at distant sites once they have migrated to the
Golgi region, and anchor them to the site of vesicle
docking and fusion. Giantin, p115 and GM130 each
apparently form homodimeric coiled-coil structures of up
to 400 nm, 50 nm and 150 nm in length, respectively.
Giantin is a carboxy-terminally anchored integral mem-
brane protein [6] with an amino-terminal p115-binding
site [7]. GM130 also has an amino-terminal p115-binding
site [8] and is anchored to the Golgi by a stable carboxy-
terminal interaction with a protein known as GRASP65
[9]. End-to-end interactions between these proteins could
therefore take place over considerable distances and facili-
tate not only tethered transport through the Golgi, but
also cisternal assembly after cell division. 
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Figure 1
A model for post-mitotic reassembly of the
Golgi complex. Cisternae can be formed by
either of two fusion pathways. The one
illustrated at the top is mediated by
α-SNAP/NSF activation of GOS28 (gos) and
syntaxin 5 (syn) SNARE molecules, and an
upstream tethering reaction involving binding
of vesicle-localized giantin (gtn) to cisterna-
localized p115 (115), GM130 (130) and
GRASP65 (65). The second, illustrated at the
bottom, is mediated by p47/p97 activation of
syntaxin 5. As new cisternae form at the cis
face of the Golgi (to the left), stacking is
initiated by the sequential action of a
giantin–p115–GM130–GRASP65 tether, a
tether-independent GRASP65 interaction and
a GRASP55 interaction. Cis Golgi
components, including
p115–GM130–GRASP65 and GOS28 and
syntaxin 5, are then recycled to a newly
forming cis cisterna. As the two, now stacked,
cisternae mature in a cis-to-trans (left to right)
direction, GRASP55, which is inefficiently
recycled, might maintain their linkage.
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As the giantin–p115–GM130 complex has not been
isolated, and as giantin and GM130 appear to bind to the
same carboxy-terminal region of p115 [7], the exact
composition of the tether complex still needs to be deter-
mined. It is also possible that a docking interaction occurs
between the steps of tether formation and of SNARE
pairing. For example, the recently identified ‘Golgi trans-
port complex’, a multi-subunit protein complex that may
play a role in the docking of Golgi transport vesicles,
might act to couple tether formation and SNARE pairing
during cisternal regrowth [10].
In addition to their roles in cisternal regrowth, p115,
giantin and GM130 are required for stacking [1]. Thus,
unlike p47 and p97, the addition of p115, p47 and p97 to
the reassembly assay produces stacked cisternae. And
stacking, though not cisternae formation, can be inhibited
by antibodies against giantin or GM130, or by an amino-
terminal peptide derived from GM130 (this peptide,
which contains the protein’s p115-binding site, displaces
p115 from membranes). It is easy to imagine that the
cisternal alignment presumed to precede stacking would
be facilitated by cisternal tethering; but somehow this
tethering during stacking must be uncoupled from
downstream events that might otherwise lead to SNARE-
mediated fusion. 
One way to achieve uncoupling might be to block SNARE
core complex formation at an intermediate, pre-fusion
assembly step. An intermediate step of this kind might
occur when the outermost portions of a cross-membrane
SNARE pair interact to form a helical bundle, while the
membrane-proximal stretches are prevented from incorpo-
ration into the core complex [11]. While a full assembled
core complex brings apposing membrane close enough to
drive fusion, a pre-fusion intermediate may simply span
the approximately 10 nm intercisternal distance observed
in stacked Golgi. Interestingly, as long as p115 is present,
stacking takes place in reactions that contain either
SNARE activator alone. Therefore, if α-SNAP–NSF and
p47–p97 are specific to v/t and t/t SNARE pairs, respec-
tively, then cisternae can be stacked by either type of
SNARE interaction. 
Unfortunately, it may prove difficult to test the role of
SNARE proteins in the stacking reaction per se, and to
identify a mechanism that locks them into a prefusion
complex. This is because the stacking reaction may be
inseparable from SNARE-dependent cisternal reforma-
tion, as suggested by the observation that, for stack forma-
tion to occur, p115 must be present during the time of
cisternal regrowth, even if cisternal regrowth is carried out
by the p115-independent p97 reaction [1].
Another possibility is that GRASP65 and/or the related
protein GRASP55 act to drive tethering towards stacking
rather than towards fusion. Importantly, GRASP65 has a
function in stacking distinct from its role as GM130
receptor. Thus, addition to the reassembly assay of
antibodies against GRASP65 or GRASP55, or soluble
forms of either protein, blocked stacking, but did not
release GM130 or prevent GM130-dependent cisternal
regrowth [1,2]. GRASP55 does not appear to bind GM130
in vivo. These results indicate that tether-independent
GRASP65/GRASP55 interactions are required for
stacking, and tether formation is not sufficient for cisternal
stacking. Clearly, it will be important to characterize the
interactions that are important for the stacking functions
of GRASP65 and GRASP55.
As both GRASP proteins are required for stacking, a
simple explanation would be that stacking is mediated by
the binding of GRASP65 to GRASP55. But the distinct
sizes of the complexes containing GRASP65 (1200 kDa)
and GRASP55 (200 kDa) that are recovered from solubi-
lized Golgi membranes argues against this idea. The key
remaining question, therefore, is whether the known com-
ponents — the tether and two GRASP complexes — are
sufficient for membrane stacking, or whether, in common
with the tether components, the GRASP interactions are
upstream of yet-to-be-identified proteins that actually
crossbridge the Golgi cisternae.
One interesting point emerging from this work is the
relationship of the stacking mechanism to subcompart-
mentalization and Golgi dynamics. It is not known
whether the stacks that form in vitro recapitulate the cis-
to-trans cisternal organization observed in vivo. Surpris-
ingly, p115, GM130 and GRASP65 are all targeted to cis
cisternae in vivo. In fact, p115 is also present on the
ER–Golgi intermediate compartment, suggesting that, in
common to its yeast homologue Uso1p, p115 may tether
ER-derived vesicles to the cis Golgi compartment [12].
These observations suggest that in vitro stacking may
reflect a mechanism restricted to the cis Golgi compart-
ment, leaving open the possibility that other factors stack
more distal cisternae. Interestingly, GRASP55 is present
throughout the stack, but it is clearly not sufficient, at
least in vitro, to form stacked Golgi in the absence of
GRASP65 [2]. It is possible that stack formation initiates
with the cis Golgi compartment and involves the sequen-
tial action of the tethering components, followed by
GRASP65 and GRASP55 (Figure 1). Tethering does
appear to precede the GRASP65 interaction required for
stacking [1], but whether GRASP55 acts downstream of
GRASP65 is not known. 
A cis-localized initial stacking mechanism is in accord
with the idea that cisternae progress through the stack by
maturation. Vesicular and tubular membranes of the
ER–Golgi intermediate compartment may be converted
into new cisternae at the cis side of a pre-existing stack.
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The ability to form a cisterna may be dependent on the
incorporation of retrieval vesicles that are derived from
the old cis cisternae and carry the cisternae-formation
machinery described above. At the same time, the newly
formed cisternae may become stacked with the old cis
cisterna by operation of the cis-localized stacking mecha-
nism. Eventually, all cis-localized proteins, including
GM130 and GRASP65, must be retrieved from the old to
the new cis cisternae. Because it is not localized exclu-
sively to the cis Golgi, GRASP55 may not be efficiently
retrieved, and thus it may continue to link the new to the
old cis cisternae. Stacking would thus be maintained by
GRASP55 as these cisternae mature. 
This type of scheme provides a single mechanism capable
of both rebuilding the Golgi complex after mitotic break-
down, and maintaining the Golgi during interphase
growth. Obviously, the retrieval steps would be essential
to subcompartmentalization of the Golgi. As COPI-coated
vesicles are likely to mediate retrieval, the validity of such
a model would be bolstered if it turns out that subcom-
partmentalization of stacked cisternae reformed in vitro
requires components that mediate COPI-vesicle forma-
tion and fusion. Regardless of whether studies of in vitro
stack formation provide mechanistic details relevant to all
aspects of Golgi organization, it is clear that the assay has
produced, and will continue to produce, important
insights into the mechanism of Golgi stacking, not the
least of which is that the action of known docking factors
has been shown to be uncoupled from membrane fusion
en route to membrane stacking.
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